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but decomposed in solution over a period of several hours at 22 °C. NMR studies of Mo(NAr)(C 3 H 6 )(OHIPT)(Pyr) and W(NAr)(C 3 H 6 )(OHIPT)(Pyr) species showed them both to be in equilibrium with ethylene/methylidene intermediates before losing ethylene to yield the respective methylidene complexes. Detailed NMR studies of Mo(NAr)(C 3 H 6 )(OBitet)(Me 2 Pyr) (OBitet is the anion derived from (R)-3,3'-dibromo-2'-(tert-butyldimethylsilyloxy)-5,5', 6,6',7,7',8,8'-octahydro-1,1'-binaphthyl-2-ol) 2i and for efficient and clean ethenolysis reactions. 2l Some of the most interesting catalytic reactions to date have been carried out with derivatives in which the aryloxide is relatively large, e.g., the anion derived from (R)-3,3'-dibromo-2'-(tert-butyldimethylsilyloxy)-5,5', 6,6',7,7',8,8 '-octahydro-1,1'-binaphthyl-2-ol (HOBitet; see 1; M = Mo or W), 2,3,5,6tetraphenylphenol (HOTPP; see 2; M = Mo or W), or 2,6-(2,4,6-(i-Pr) 3 C 6 H 2 ) 2 C 6 H 3 (hexaisopropylterphenol or HOHIPT; see 3; M = Mo or W). As a consequence of the presence of a stereogenic metal center in MAP species, two diastereomers are formed when an enantiomerically pure aryloxide ligand is employed, as in 1. An important feature of MAP complexes that contain a "large" aryloxide, at least in terms of long-lived activity and low catalyst loadings, is that methylidene species, e.g., 2 or 3, often can be observed in solution, and in some cases appear to be relatively stable. For example, a solution of 2 W (i.e., M = W) in toluene-d 8 can be heated to 80 °C and interconversion on the NMR time scale of the inequivalent methylidene protons (k = 90 s -1 at 20 °C) thereby observed. 2g, 6 The stability of these 14 electron
MAP methylidene species contrasts with the low stability of 14e imido methylidene species of the bisalkoxide or biphenolate type. 1 Bisalkoxide imido methylidene species usually are observed only when the total metal electron count is >14, i.e., only when adducts are formed. 7 The presence of 14 electron methylidene species that are relatively stable toward bimolecular decomposition, yet highly reactive toward olefins, compelled us to attempt to isolate and crystallographically characterize some examples, since some feature of their structures might be a reason for their increased stability toward bimolecular decomposition. For example, the ground state structure of a MAP methylidene species could be a dimer that contains two asymmetrically bridging methylidenes, as has been found for some tungsten biphenolate methylidene complexes that contain a 2,6-dichlorophenylimido ligand. 8 Another possibility is that the pyrrolide is bound in a η 5 manner and that a MAP methylidene complex therefore is an 18e electron species, even though a pyrrolide is bound in an η 1 manner in MAP species that contain a neopentylidene or neophylidene ligand. 2a,c,h,4 Although solid samples of 
RESULTS

X-ray study of W(NAr)(CH 2 )(OTPP)(Me 2 Pyr).
In a previous paper 2g we showed that W(NAr)(CH 2 )(OTPP)(Me 2 Pyr) (2 W ) can be prepared in good yield as a yellow powder in a reaction between one equivalent of 2,3,5,6- Crystals of 2 W suitable for an X-ray study were obtained from a concentrated toluene solution at -27 ºC or a concentrated benzene solution at room temperature. As shown in Figure 1 , 2 W is a 14e monomeric species that contains an η 1 -dimethylpyrrolide. The W=C distance is 1.908 (4) resonance, in contrast to what is found in 2 W . A sample of 5 Mo in benzene-d 6 was exposed to 13 C-ethylene and then vacuum was applied to remove ethylene and reform 3 Mo in which the methylidene carbon atom was partially 13 C labeled (~66%). The J CH values were confirmed easily in the labeled compound.
The solid-state structure of 3 Mo (Figure 2 ) is analogous to that of 2 W (Figure 1 ). The
Mo=C distance (1.892(5) Å) is the same as the W=C distance (1.908(4) Å) in 2 W . The Mo-C1-H1a (Mo-C-H anti ) angle is 105(3)° and Mo-C1-H1b (Mo-C-H syn ) angle is 131(3)°, a difference of 26º, again consistent with a CH anti agostic interaction. 10 As found in 2 W , the CH 2 plane in 3 Mo is turned from the N1-Mo-C1 plane by about 8º. The structural study of 3 Mo is the first (to our knowledge) of a 14e molybdenum imido methylidene species.
Interestingly, 3 Mo appears to be more stable in benzene solution than the molybdacyclobutane (5 Mo ) at the same concentration. For example, a 20 mM solution of 3 
Complexes that contain a N(o-t-BuC 6 H 4 ) or NAdamantyl ligand
We also became interested in whether metallacyclobutane and methylidene species could be isolated in which the imido ligand is smaller than 2,6-diisopropylphenylimido.
Adamantylimido is a good choice since it is an alkylimido derivative, adamantylimido species have revealed special reactivities in certain circumstances, and an adamantylimido ligand is small relative to a 2,6-diisopropylphenylimido ligand. 2j Mo(NAd)(CHCMe 3 )(OHIPT)(Pyr) (6), prepared as described in the literature, 2j was shown in an X-ray study to be a 14e pseudotetrahedral species that contains an η 1 -pyrrolide and a syn alkylidene 9 (Figure 3 ). Bond (2) vide supra). Pyrrolide resonances in 5 Mo and 5 Mo ' were employed in order to determine the rate of interconversion of 5 Mo and 5 Mo ' (Figure S5 ). An examination of the system at mixing times of 60, 100, 130, 150, 200, 250 , and 300 ms allowed the rate constants for the forward process (1.8 + 0.3 s -1 ) and the reverse (9.0 + 1.5 s -1 ) at 20 °C to be determined. The ratio of k rMo to k fMo (5.0) is consistent with the ratio of 5 Mo (3)
In the W(NAr tBu )(C 3 H 6 )(OTPP)(Me 2 Pyr) system the protons of the metallacyclobutane (four on the C α carbons and two on the C β carbon) were assigned using 2D Hz, which was obtained by labeling the C α with 13 C) is assigned the methylidene proton syn to the imido ligand and b (δ 9.09 ppm, J CH = 128 Hz) to the methylidene proton anti to the imido ligand, which confirmed the assignments made through 2D NMR studies. 2D 1 H-1 H NOESY/EXSY spectra of a 40 mM sample with 2 ms mixing time at 20 ºC ( Figure S3 and S10) illustrated that the syn and anti protons exchange at a rate of 230 s -1 , which is about two times faster than that in W(NAr)(CH 2 )(OTPP)(Me 2 Pyr) (90 s -1 ) and approximately 100 times faster than W(NAr)(CH 2 )(OBitet)(Me 2 Pyr) (4-5 s -1 ). The rapid rate of exchange of methylidene protons in W(NAr tBu )(C 3 H 6 )(OTPP)(Me 2 Pyr) accounts for the breadth of the methylidene proton resonance in room temperature spectra.
NMR studies of Mo(NAr)(C 3 H 6 )(Me 2 Pyr)(OBitet)
In a previous paper we reported that Mo(NAr)(CHCMe 2 Ph)(Me 2 Pyr) 2 reacts cleanly with 1 equiv of enantiomerically pure HOBitet to generate 1 Mo as a mixture of two diastereomers. 2c,2h When ethylene (1 atm (Figures 4b and   4c ), and a broad resonance is observed for ethylene ( Figure 4b ). The ethylene resonance is found at approximately the chemical shift where it would be expected in the free form. The ratio of the two diastereomers at -20 °C is (S)-9:(R)-9 = 1:4. Metallacyclobutane and methylidene resonances have been identified by 2D HSQC and NOESY/EXSY NMR methods described in the Supporting Information.
A reaction between 4 Mo and ~1 atm of 13 C-labeled ethylene showed that 13 Hz; see Supporting Information).
An EXSY experiment of the mixture of (R)-9 and (S)-9 at 20 °C with no ethylene present revealed that a and b, and c and d, respectively, do not exchange even at 200 ms EXSY mixing time (see Figure S27 ). The fact that the methylidene protons do not exchange suggests that rotation about the M=C bond must take place at a rate of <0.2 s -1 , as was also found in forms are much less accurate than data for (R) forms as a consequence of the (S) forms being present in much lower concentrations (~10% of (R) forms). Since we do not accurately know the amount of free ethylene in solution, we do not know accurately the second order rate for reforming the ethylene/methylidene intermediate and the position of the equilibria between the ethylene/methylidene intermediates and the methylidene species and free ethylene.
It is not possible to obtain data for 4 Mo above -20 °C as a consequence of rapid exchange processes, but data could be obtained at -30 °C, -40 °C, and -50 °C (Table S2 ; see Supporting Information). Since data for the (R) forms are the most accurate we only compare values for k Rfwd and k Rrev at different temperatures here. The values of k Rfwd (in s -1 ; see Table S2 ) at four temperatures were found to be 34.0 (-20 °C), 5.88 (-30 °C), 0.850 (-40 °C), and 0.0913 (-50 °C).
From an Eyring plot ( Figure 5) 
DISCUSSION
The work reported here confirms that reactive 14 electron methylidene species under the right circumstances can be relatively stable toward bimolecular decomposition. We have proposed that bimolecular decomposition involves (first) formation of an unsymmetrically bridging bis-µ-methylidene species; one example, heterochiral [W(NAr Cl )(Biphen)(µ-CH 2 )] 2 (where Ar Cl is 2,6-dichlorophenylimido), has been crystallographically characterized. 8 Homochiral [W(µ-NAr Cl )(Biphen)] 2 (µ-CH 2 CH 2 ) has also been crystallographically characterized. 8 Both are logical intermediates in decomposition of a methylidene species to an olefin-free W=W species 11 or to a monomeric ethylene complex. 12 The stability of especially an unsubstituted tungstacyclobutane toward loss of ethylene early in the development of imido alkylidene catalysts was one of the reasons why molybdenum catalysts were sought, i.e., ethylene formed in a metathesis process could sequester tungsten in the form of an unsubstituted metallacyclobutane. 17 Relatively more facile loss of an olefin from a metallacyclobutane also should apply to substituted metallacycles. The more rapid loss of olefin from molybdacyclobutanes could contribute to a relatively high metathesis activity for molybdenum complexes in a variety of circumstances compared to tungsten analogs, as in the recently reported Z-selective coupling of terminal olefins, which are more successful employing the "less reactive" tungsten catalysts for the substrates examined so far. 2i We are surprised not only by the stability of certain methylidene complexes, but by the relatively rapid rate of rotation of W=CH 2 species about the W=C bond, i.e., interconversion of syn and anti methylidene protons. Confirmed rates at 22 °C in complexes discussed here vary from 4-5 s -1 up to 230 s -1 . These rates are summarized in Table 1 . Since we so far have not observed anti isomers of 14 electron substituted alkylidenes in MAP species, we do not know whether syn and anti monosubstituted alkylidenes also interconvert readily. We suspect that methylidene rotation cannot be compared directly with rates of interconversion of syn and anti isomers. The reason is that if the M=CH anti agostic interaction is an important stabilizing feature that allows syn and anti isomers of substituted alkylidenes to be observed, one could argue that the agostic interaction never fully disappears in the process of rotating the methylidene ligand, and could even act as a means of lowering the energy of the transition state in which the methylidene has rotated by 90° and the M=C bond has been formally broken.
A relatively slow rotation of methylidene ligands in molybdenum species was unexpected. So far we can only say that rotation rates are <0.2 s -1 for the two Mo species that we have explored. Rotation of tungsten methylidenes may be significantly faster than molybdenum methylidenes if the agostic interaction is stronger for tungsten than for molybdenum and the transition state in which the methylidene has rotated 90° therefore stabilized to a greater degree than for molybdenum. 
Experimental
General.
General procedures can be found in a previous paper. 2g 2,3,5,6-Tetraphenylphenol (HOTPP), 19 3,3'-dibromo-2'-(tert-butyldimethylsilyloxy)-5,5', 6,6',7,7',8,8'- mmol) in diethyl ether (2 mL) and pentane (4 mL). The yellow solution was stirred and heated at 60 ºC in a closed system for 24 h. The mixture was cooled to room temperature and filtered through glass wool. The filtrate was degassed via three freeze-pump-thaw cycles and exposed to 32, 151.22, 158.57, 156.07, 148.32, 147.24, 136.58, 132.30, 131.87, 130.76, 124.24, 123.82, 122.33, 119.38, 114.87, 109.26, 100.19 (WC α , 8.73; N, 3.19. Found: C, 75.21; H, 8.76 ; N, 3.21.
Mo(NAr)(CH 2 )(OHIPT)(Pyr). A 20 mL vial was charged with a stir bar and a solution of Mo(NAr)(C 3 H 6 )(Pyr)(OHIPT) (0.443 g, 0.505 mmol) in diethyl ether (2 mL) and toluene (2 mL). The volatiles were removed in vacuo. Toluene was added to the residue, and vacuum was applied to the dark yellow solution. This process was repeated once more. Pentane was added to the residue and the volatiles were removed in vacuo; this process was repeated until the sample became a yellow foam. A small amount of pentane was added and the solution was allowed to sit at -27 ºC. After 24 h, the mother liquor was decanted, and the crystals were washed with cold J HH = 7 Hz), 1.05 (d, 6, CHMe 2 , J HH = 7 Hz); 13 C NMR (125 MHz, C 6 D 6 ) δ 278.15 (MoC α ), 159.44, 154.83, 149.24, 147.80, 147.70, 145.16, 134.49, 133.42, 132.22, 131.37, 127.52, 123.09, 122.61, 121.80, 121.59, 111.08, 35.24, 31.77, 31.55, 29.35, 26.13, 25.70, 25.07, 25.05, 24.60, 24.55, 23.56, 22.94. Anal. Calcd for C 53 H 72 MoN 2 O: C, 74.97; H, 8.55; N, 3.30. Found: C, 74.65; H, 8.47; N, 3.33 .
A sample was degassed via three freeze-pump-thaw cycles and exposed to 13 C-ethylene.
A vacuum was applied to remove ethylene and regenerate the methylidene complex as a mixture of 13 15, 127.61, 127.12, 127.03, 125.76, 124.33, 119.16, 118.41, 31.26, 29.97 36 Hz), 151.90, 140.63, 131.84, 129.13, 127.14, 126.63, 126.61, 126.31, 125.46, 92.63 mmol, 2.5 equiv) and W(NAr tBu )(CHCMe 2 Ph)(OTf) 2 (DME) (4.837 g, 5.680 mmol) were mixed in a 50 mL flask. A stir bar and toluene (20 mL) were added. The resulting cloudy yellow solution was allowed to stir overnight at room temperature. The solution was filtered through a bed of Celite and solvents were removed from the filtrate in vacuo. Pentane was added to the residue. The precipitated yellow powder was collected to afford 1.772 g of product (48% yield).
The compound could be recrystallized from a concentrated toluene solution to give yellow blocks, but the powder is pure as judged by elemental analysis and 1 H NMR: 1 H NMR (500 . Benzene (10 mL) was added to the mixture. The mixture was allowed to stir at room temperature overnight and filtered through glass wool. The solvents were removed from the 
